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Abstract

A set of aluminum-flake pigmented coatings having different flake orientations was pre-
pared using various spray conditions. The orientations of individual flakes were determined
from images obtained by laser scanning confocal microscopy. Reflectance measurements were
carried out to quantify the optical properties of the coatings. A Gaussian orientation distribution
or topographic map of the flakes was then used as input to a ray scattering model to calculate the
optical reflectance of these coatings. The flake orientation distributions and the measured optical
reflectance as a function of scattering angle are presented and the latter is compared to the calcu-

lated reflectance.



INTRODUCTION

Metallic coatings are the most popular exterior finish in the automotive industry and are
widely used on other products such as cellular phones and biking helmets. The changes in light-
ness with illumination and viewing angles draw attention to the geometric features of these
items.'” A metallic finish consists of metallic flakes, typically aluminum (Al) flakes, in a poly-
mer binder, which is often pigmented to create a different color appearance. Key characteristics
that directly affect the optical properties of the metallic coatings are flake size, flake shape, flake
surface roughness, spatial orientation of the flakes, flake concentration, and other pigments (ad-
ditives). This paper will mainly address the effect of the flake orientation and, to some extent,
flake surface roughness on the distribution of the light scattered by the coating. The flake orien-
tation is strongly dependent upon the surface treatments of the flakes and the processing condi-
tions." Thus, it is crucial to be able to measure flake orientation accurately and to develop a
methodology that can relate flake orientation to the optical properties of the materials. The
methodology will provide support for control and prediction of appearance for product design,
manufacture, and marketing.

Many efforts have been made to investigate the interrelation between formulation,
processing, and spatial distribution of Al flakes in surface coatings and their appearance prop-
erties. A few studies*’ have included quantitative measurements of the flake orientation in
cured coatings. Usually, flake orientation is determined using microscopy techniques applied
to sectioned, cross-cut samples. This approach does not address directly the three-dimensional
(3D) spatial orientation of the flakes. Recently, Kettler and Richter’ used combined techniques
of goniospectrophotometry, confocal laser scanning microscopy, and microscopy image analy-
sis of cross-cut samples to obtain 3D orientation information. However, it is not obvious how
one can deduce appearance properties from their orientation data.

A long-standing issue is how to characterize the flake orientation accurately and how to
relate orientation information to optical properties. To tackle these problems quantitatively, we
have implemented a methodology linking the flake orientation data to the optical properties by
integrating measurements and modeling. Our methodology can be described as follows: (1)

generation of topographic maps of the flakes in the coating using non-destructive laser scan-



ning confocal microscopy, (2) determination of the 3D spatial orientation distribution of the
normals to the flakes from the topographic maps, (3) modeling of the link between flake orien-
tation distribution and optical properties of the coating using a ray scattering model to calculate
the optical reflectance, (4) alternatively, modeling of the direct link between topographic maps
and optical reflectance, (5) measurement of the angular distribution of the light scattered by the
coating, and (6) comparison of measured and calculated results. The inputs to the ray-
scattering models are flake orientation distributions such as Gaussians of varying widths or to-
pographic maps obtained with a confocal microscope. A preliminary report on this work was
presented at a meeting.® Here we also show results of new measurements, we introduce correc-
tions to the formulas that affect mainly scattering at large angles, and we include a new model

that produces a scattering distribution from topographic maps.

EXPERIMENTAL

Materials

Two gray metallic pigmented coatings were prepared using a conventional hand-held
spray gun. Each coating was applied to a black glass substrate with a smooth top clearcoat cov-
ering part of the surface. The coating consisted of an Al pigment in an acrylic-melamine poly-
mer binder. The pigment was a special automotive grade that has a smooth surface finish and a
platelet-like shape. The pigment loading level was 5% by mass fraction based on solid content
of the coating and the average flake size was about 16 um diameter and 1 pm thickness. We
changed the coating appearance using the same composition by varying the amount of fluid al-
lowed to pass through the spray gun. The samples were designated according to the position of

the fluid control as 1-turn for normal operation and 1.5-turn for extra fluid output. The final dry



film thickness of samples was 38 um + 4 pm, measured by a Positector 6000 series coating
thickness gauge.”

Visually, samples appeared lighter (of greater brightness) near the specular direction and
became darker as the viewing angle moved away from this direction. The brightness difference
between the two samples was small but visually detectable, and in the range of the rejection cri-

teria for metallic coatings in an automotive processing line.
Microstructure Characterization

We used a Zeiss model LSM510° laser scanning confocal microscope (LSCM) to charac-
terize the microstructure of the coatings. The LSCM uses coherent incident light and collects
reflected or scattered light exclusively from a single plane, rejecting light out of the focal plane.
The wavelength, numerical aperture (N.A.) of the objective, and the size of the collecting pinhole
in front of the detector determine the resolution in the axial direction perpendicular to the sur-
face.” In this study, an oil immersion objective (100x/1.3) was used. The scanning area of each
confocal micrograph was about 92.1 pm x 92.1 um at 0.18 pm/pixel, with a scanning time of 8
s/frame. The transverse and depth resolutions (point-to-point spread function) for an objective
with a N.A. of 1.3 are 155 nm and 286 nm, respectively, for a scanning laser wavelength of 543
nm.

Figure 1a gives an example of a LSCM micrograph of an Al-pigmented coatings and the
selected image of a single flake. LSCM micrographs consist of images of overlapping optical
slices (a stack of z-scan images) with a 0.3-um z-step. The size and orientation of an individual
flake can be extracted and calculated from the topographic data as illustrated in Figure 1b; details

will be presented later in the theory section.

* Certain instruments or materials are identified in this paper in order to adequately specify
experimental details. In no case does it imply endorsement by NIST or imply that it is

necessarily the best product for the experimental procedure.



Optical Reflectance Measurement

The in-plane bi-directional reflectance for two metallic pigmented samples was measured
using the NIST spectral tri-function automated reference reflectometer (STARR).'® The incident
light flux was a collimated, monochromatic, polarized beam with a diameter of 14 mm and a
bandwidth of 15 nm about a wavelength of 550 nm. Two rotation stages determine the incident
angle of the beam on the sample and the viewing angle of the detector. Reflectance is calculated
from the ratio of the reflected to the incident radiant flux. The incident flux is measured with the
sample out of the beam path and the receiver positioned to accept the incident beam. The re-
flected radiant flux is measured with the sample in the beam path and the detector positioned at
the desired angle. Figure 2 presents the optical geometry, where 6, and 6, are the incidence and
scattering angles measured with respect to the normal of the sample. The sign convention is
such that 6, = — 6, indicates the specular reflection angle.

We measured the reflected intensity for incident angles of 0°, 30°, 45°, 60°, and 75°, us-
ing unpolarized incident light. Scattering angles with respect to the normal to the surface of the
ranged from —70° to +70° at 0.5° increments. The expanded relative uncertainty for the reflec-

tance data was 0.7 % (k = 2), calculated according to the procedures outlined in Ref. 9.

THEORY - RAY SCATTERING MODEL

The metallic flakes in our samples are significantly larger than the wavelength of light
and tend to be oriented parallel to the coating surface. As a first approximation, we assume that
the flakes are smooth, flat, and perfectly conducting, and we ignore multiple reflections. The
angular distribution of the light scattered by the flakes can then approximately be determined
from ray reflection by the flake surface.

Roughness of the coating surface and flake surface also causes diffuse scattering. In a
first model, we assume that the flakes are flat and that the orientation of the flakes is the only
cause of the scattering of light by the sample. A second model uses topographic maps of the
flake surfaces in the interior of the coating obtained by the confocal microscope to determine the

reflectance, thus including the surface roughness in the computations.



We first show how the ray is refracted at the coating surface and reflected by the flake
surface, relating the incident direction, the normal to the flake surface and the scattered direction,
which applies to both models. We then show how the assumed or measured distribution of the
flake normal is defined and how it is used in the first model to compute the reflectance. Finally,

we show how the reflectance is computed using flake surface topography in the second model.
Determination of the Path Followed by a Ray

We chose a coordinate system with the z-axis perpendicular to the average plane of the
surface, so that the normal to the surface is é,, and with the x-axis in the plane of incidence. We
designate by 7 the unit normal to a flake, which has Cartesian components n,, n,, and n., or
spherical coordinates 8, and ¢, .

The path followed by the incident ray as it is refracted at the surface of the coating, then
reflected by a metallic flake, and then refracted again as it exits the coating is shown in Figure 3.
If the instrument is restricted to take measurements in the plane of incidence and if we neglect
the size of the aperture, we can ignore the dependence of the scattering on the azimuthal angle
Q.

The incident beam comes in along the xz-plane in the direction defined by the angle 6, .
This beam is refracted into the coating where it propagates in the direction k' at an angle 6’0'.

The angle 6’0' is determined by Snell's law, that is, nsin&; =sin6,, where n is the real index of

refraction of the coating. The intensity of the refracted beam is determined by the Fresnel coef-

ficients, which depend on the polarization of the incident field. If 6, is fixed and only the inten-

sity of the outgoing beam relative to that in the specular direction is used in the analysis, such

constants can be ignored.

The ray is then specularly reflected by the flake in the direction k", assuming that Al

flakes are perfect conductors, and refracted again at the boundary of the coating into the direction
k™. If we restrict ourselves to the plane of incidence, the corresponding angles of the propaga-

tion vectors are related again by Snell's law, which in this case implies that sin 8" =nsind".



The polar angle 8" then is the scattering angle &, . The refracted ray is not necessarily in the
plane of incidence and the azimuthal angles satisfy ¢" =¢" =¢. The normal to the flake is de-
termined by

K'=k-2k"-in = A= (1€"—/€’)/ K-k

; (1)
and either can be used to determine €, and ¢, .

The factor y that determines the projection of the area perpendicular to the beam incident
to the flake is the cosine of the angle between the normal to the flake and the direction of the in-

cident beam in the substrate, that is,
7(0,,0,,00) = -k = (1=k"- k)2 = 2k"- k') =[(1-K"-k") /2", 2)
We can thus follow a ray from the incident direction to the outgoing direction when the

normal to the flake surface is known. Alternatively, we can determine the direction of the nor-

mal to the flake that sends the ray into a particular outgoing direction.
Distribution of the Normals to the Flakes

We assume that the distribution of the orientation of the flakes is independent of the azi-

muthal angle, ¢, , and of the size of the flake. Since the intensity of the light scattered in a given

direction is proportional to the total surface exposed at a given angle, the determination of the
distribution of the normal has to take into account the size of the flakes instead of just the num-

ber of flakes. We call p,(6,,¢,)dQ2 the probability that the normal direction lies within a solid
angle dQ about €, and ¢,. Then, if p(€,)d& is the probability that the polar angle lies within

an angle d@ about 8, , we have
p(6,)d0 =] 02” 2,(0.,0)sin0,dpdd =27 p,(6,,0)sin 0,d6. 3)

We do not expect the function p,(6,,9,) to diverge on the polar axis, so that p(0) vanishes and
we work with a modified distribution function
p©,)=p(6,)/sin0,, 4)

assuming that the limit of the fraction is finite as 6, - 0.



We determine p(6,) from confocal microscopy measurements, as shown in Figure 1.

Our confocal microscope can determine the z-coordinate of the surface of a flake as a function of
position, that is, z(x,y) can be measured experimentally. If the surface is a plane, its equation
has the form
n-X=h = z=—(n/n)x—(n,/[n)y+h/n =ax+by+c. (5)
The microscope gives coordinates along lines of constant x or constant y; in particular, we ob-
tain the coordinates at the beginning and at the end of such a line. If they are (x,,z,) and
(x,,z,) for a line of constant y, and (y/,z/) and (y,,z,) for a line of constant x, as shown in
Figure 1b, the angles 6,, 6, , and 6, are given by
2 , , 2
tan’ @, = 2 = (ﬂJ , tan®0, =¢7 = (ﬂJ , tan’6,=¢2+4 (6)
X, =X V2= W
An estimate of the area of the flake can be obtained from
S o (x, = x,)(¥5 = 1)/ (cos 6, cos 6,). (7
We thus find the distribution of the flake orientation by computing 8, from Eq. (6) and adding a

contribution equal to the area in Eq. (7) to the corresponding bin.
Barrick'' has addressed a related problem — the connection between the angular distribu-
tion of scattered light and the slope and curvature distributions of a rough surface. He defines a

probability density that we designate by P, (¢,,¢,) , ignoring the dependence on higher-order de-

rivatives. If the surface is isotropic, P, depends only on ¢ =tané, = ({7 +¢ yz )%. To compare
results, we relate the distribution P(¢) = 27¢ P, (¢ ,,¢,) to ours and find
p(6,)=P(tan6,)/(sin b, cos0,). (8)

This equation differs from Eq. (9) in Ref. 8 because we now believe that the distribution used by

Barrick gives the slopes for a point selected at random in the xy-plane instead of the surface.



Light Scattering Distribution from Probability Densities for the Normal to the Flakes

To connect a distribution of the normals to the flakes to measurements made with an
instrument we integrate over the angular aperture of a detector, given by the half-angle o . We
assume that the jth detector, or the jth position of a single detector, is located in a direction given

by the spherical coordinates ¢, and ¢, j=1,...,N . If all the light reflected by the metallic

flakes in a particular direction is collected by the detector in that direction, the intensity of the
light scattered is proportional to the probability that the normal to the flake be oriented so that
the light is reflected into the detector from the incident beam. The part of the incident beam that
is reflected by a flake is then proportional to total flake area projected onto a plane perpendicular
to the beam. To obtain the intensity, up to a factor, of the light scattered into the jth detector we
have to integrate the probability distribution over the detector aperture AQ,

]j (90) — j de(COSH”/COS 6"’)]‘;‘/ (6"’ 9”[)p”!(9"/5¢”!; 60)’ (9)

29(9,.0,)
where p" is the probability density of getting an outgoing ray in the k™ direction and T, is the

. . . . . 12
average transmittance obtained from those of a given polarization,

o sin(20")sin(20")[1+ cos* (0" —0")]
"V 25in*(0"+0")cos*(0"-0")

(10)

This transmittance takes into account the flow of energy perpendicular to the surface; to consider
the flow in the direction of the rays we have multiplied 7, by the ratio of the cosines of the an-
gles in the integrand in Eq. (9).

Different probability densities are connected by conservation of probability, which in-
volves changes in the element of solid angle expressed in terms of the Jacobian. To take into

account the refraction of the outgoing ray at the dielectric boundary, we relate p” to the corre-
sponding probability density p" in the coating by
p"(0",¢";0,)=p"(0",9";0,)(cos0"/n* cos0"). (11)
We now relate this probability density to that of the normal to the flake. We find that
p"(0",9%6,)=v,.9,,8,)/,(0,,9,:8",0") p(8,) /(2nsin 8"), (12)
where the partial derivatives in the Jacobian J, can be obtained from the first relation in Eq. (1)

when spherical coordinates are used to express the unit vectors.



10

The integral in Eq. (9) then changes to

Slne " m 14 "\ =
- T (9 ’0 )7(9n’¢n’H0)Jn(9n’¢n;9 9§0 )p(0n)9 (13)

a . = —(r2r _
Ij(ﬁo):'[o sm@d@jo d@m av

where the normal to the flake has to be found as a function of the new coordinates 8 and @

about a polar axis that corresponds to the center of the detector. We note that the Jacobian has
factors that cancel the ratio of sine functions, that is, the solid angle elements are not deformed
by this transformation.

If the integrand varies significantly over the region of integration, the integral in Eq. (13)

is best evaluated numerically. A spherical cap of angle 8, is defined around the axis of the de-

tector and its contribution should be computed separately. If the integrand changes little across
the solid angle, we can assume that it is a constant.

Figure 4 shows the calculated intensity distribution (reflectance normalized to 1 in the
specular direction) at two incident angles as a function of scattering angle for two Gaussian

modified angle distribution functions, p(8,), with half-widths w = 4° and w = 10° using Eq. (13)

in the constant integrand approximation. It is obvious from the geometry in Figure 3 that the in-
tensity distribution will be wider than the angle distribution, and that the index of refraction,
which for the coatings is approximately 1.5, will also contribute to this widening. The graphs in
Figure 4 for w = 10° clearly illustrate the fact that the maximum reflectivity is not in the specular
direction. The shapes of these graphs have changed from those in Ref. 8 because we have now
taken into account the intensity changes at the interface and the difference in the element of solid

angle.
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Light Scattering Distribution Obtained from Topographic Maps

We generalize the method used to find the scattering distribution from topographic maps
of dielectric coatings' to the scattering of light by flakes in coatings. We use the ray approxima-
tion in which we assume that a ray is incident in the given direction on each point of the map of
the surface and is specularly reflected by a local tangent surface. We then count the number of
reflected rays that end up inside a detector represented by a conical solid angle of given aperture
about the scattering direction, weighted by the appropriate factors, that is,

I, =1, +(cos 8 /cos§ )T,y (14)

The map we use does not represent a continuous surface but the surfaces of a number of
flakes, possibly overlapping and separated by dark spaces. We have used two kinds of maps
provided by the confocal microscope. The actual topographic map provides the values of the
height where the intensity of the measured returned light is a maximum for a given location,
which sometimes corresponds to weak stray light. The other map gives the maximum intensity
as a function of location. To avoid the noise introduced by stray light measurements, we have
masked the topographic map with the intensity map, that is, where the intensity is below a nu-
merical threshold or cutoff value we have assigned a z-value of 0 to the corresponding location in
the topographic map. The resulting intensity distributions are not very sensitive to the choice of
this cutoff value in the vicinity of the minimum intensity in the map obtained by the microscope.

Since we do not have a continuous surface, we do not use a spline interpolation on the to-
pographic map to obtain the local normal to the surface. We have used instead the method of the
least-squares fit,"* in which an approximation of the local tangent plane is determined by mini-
mizing the sum of the squares of the distances of 24 neighboring points within a 5x5 square. We
avoid some problems with the edges of the flakes or with bad data by dropping any rays that go
to a point that includes values of z=0 in the 5x5 square. We have not taken into account the
special scattering by edges of conductors, which scatter light over greater angles. Furthermore,
we have not attempted to identify the edges of overlapping flakes, which give rise to fictitious
ridges that send rays into incorrect directions.

Here we take into account the refraction at the interface between the polymer coating and

air, which change the direction of the ray and change the intensity by the average transmittance,
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as explained above. We also take into account the varying area presented by the flake surface to

the refracted incoming beam due to the inclination of the local normal.
Once we determine the local normal 7, we can follow the ray trajectory and obtain k"
If 7, is the jth position of the detector, the angle between the ray and the axis of the detector is

given by

m

cosA=k"- 7, =sin0"sin 9, cos(¢p" — ;) +cos 0" cos I, . (15)

If A < a, the ray enters the detector and we increase the corresponding intensity according to Eq.

(14), where 7y is the obliquity factor given by Eq. (2) and 7,, is the average transmittance given
by Eq. (10).

RESULTS AND DISCUSSION

The LSCM technique provides a non-destructive, powerful tool for characterizing the Al
flakes in the coatings. Figure 5 shows the LSCM images of samples prepared under different
spray conditions. The upper set of images represents the intensity profile in 2D projection and
the lower set of images represents the topographic profile of the Al flakes distribution in a series
of z-scan optical slices. The dark areas indicate the absence of Al flakes in the probed region.
The shapes of the flakes appear to be platelet-like and surfaces of individual flakes are reasona-
bly smooth. Slight variations in the sizes and shapes of flakes can also result in differences in
appearance due to different spatial distributions of normals.’

To obtain the spatial orientation distribution of the flakes, we used up to 12 micrographs,
measuring a total of 340 flakes for the 1-turn sample and 700 flakes for the 1.5-turn sample.
Figure 6a shows the orientation (or inclination) distribution of the flakes in the 1.5-turn sample in

terms of &, and 6, , using the definition described in the theory section and illustrated in Figure

1. We used Eq. (6) to calculate the angle between the normal to the surface and the normal to the
flake, @, , and the resulting distribution function, p(€,) is shown in Figure 6b. As mentioned

previously, the intensity of the light scattered in a given direction is proportional to the total sur-

face at a given angle. Thus, the determination of the distribution of the normals needs to take
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into account the size of the flakes. The histograms in Figure 6 were obtained for the 1.5-turn
sample and the data are sorted by 1° per bin.
We then calculated the modified orientation distribution of flakes, p(8,), using Eq. (4).

Figure 7 shows p(6,) for both 1-turn and 1.5-turn samples. The distributions appear to have a

well-defined shape, but they are rather noisy, especially for the 1.5-turn sample. That of the 1-
turn sample, not shown, is less noisy in spite of the smaller number of measurements. The proc-
ess of obtaining these data is very laborious and it is unlikely that the statistics can be improved
enough to obtain smooth histograms unless this process can be automated. The half-width of
these histograms is about 3°.

We verified the isotropy of the samples by measuring the gonio-distribution of the reflec-
tance for several position of the sample as it was rotated about the normal of the surface. The
measurements indicated that the samples were isotropic at the scale of the 14-mm-diameter illu-
minated region.

The reflectance data are very similar in the specular peaks, since both samples contained
the same polymer binder covered by a smooth clearcoat that does not significantly contribute to
the scattering of light. Comparisons with the angular distribution of the light scattered by
smooth epoxy coatings'® and by coatings containing a thick layer of a top clearcoat suggest that
the intensity in the specular peaks is caused by the reflection at the top surface of the coating and
not by scattering due to the flakes. The half-width of about 1.5° corresponds to the aperture of
the detector. In addition, we were able to confirm this hypothesis by a polarization scattering
technique and distinguish different scattering sources and mechanisms of the scattered inten-
sity."* The underlying off-specular (a few degrees away from the specular peak) reflectance is
due to scattering from the subsurface microstructure — mostly from the reflections from the
flakes.

Figure 8 shows the comparison between the measured reflectance data taken through the
top clearcoat, including the additional clearcoat that was applied to obtain a smooth surface, and

the reflectance calculated using a Gaussian modified angle distributions of flakes, p(6@,), with

half-widths w = 3° and w = 6°. The narrower Gaussian corresponds to the width of the histo-
grams in Figure 7 and this width is clearly too small to explain the scattering distribution. The

wider one provides a reasonable fit to the data about the specular region (excluding the specular
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peak), with a discrepancy that becomes larger as the scattering angle moves away from the
specular angle. This implies that the flake orientation (inclination) is not the only cause of the
light scattering distribution. Some factors that would contribute to this discrepancy were ignored
in the ray scattering model based on a flake orientation distribution. They include (1) additional
scattering from the roughness of the flake surface, (2) incorrect shape and half-width of distribu-
tion function, (3) scattering due to multiple reflections from flakes, and (4) errors due to scatter-
ing from the edges of the flakes, especially from those that overlap.

To include the flake surface roughness contribution we have computed the scattered light
distribution using a model similar to that used in Ref. 13. We assumed that rays are scattered
specularly by a local tangent plane to the surface, as determined from maps obtained using the
confocal microscope. In Figure 9 we compare the scattering intensity distributions obtained
from the topographic maps using the ray approximation with the intensities measured by
STARR. We show the scattering intensities for both samples and for angles of incidence of 30°
and 60°. We have adjusted the vertical position of the calculated distributions to match the
measured ones near the specular direction. The curves overlap quite well near the specular direc-
tion, and the discrepancies at angles furthest away from this direction can be due to the approxi-
mations involved in the model and to noise in the data. The logarithmic scale of the intensity
axes exaggerates these differences. The calculated scattering distributions show a large peak in
the specular direction that does not correspond to scattering by the top of the clearcoat, which
was not included in the calculation. Instead, it is due to a large number of patches that have a
normal in the vertical direction, apparently an effect of the interpolation algorithm used by the

software of the confocal microscope.

CONCLUDING REMARKS

In this paper we have shown how data obtained from microscope images of a coating
containing Al flakes can be used to compute light scattering distributions. These computed dis-
tributions are compared with measured ones to validate the approaches we have used.

The first approach singles out the effect of the flake orientation described by theoretical

distributions of the angle the normal to the flake surface forms with the normal to the surface.
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These distributions can be based on the actual distributions obtained from microscope images of
the coating with the flakes, or a measured distribution can be used directly if it accurately repre-
sents the actual flake orientation distribution. An automated analysis to determine the images of
the individual flakes in an image, requiring a robust edge-finding algorithm, is essential to ob-
taining good statistics in this process. The relationship between flake orientation distributions
and reflectance can be used to evaluate the effects of a change in the flake distribution or, con-
versely, to estimate the distribution that can give rise to a measured reflectance curve. This ap-
proach assumes that the Al flakes are well approximated by smooth flat perfectly conducting sur-
faces. If the size and location distributions are included in the model, it may be possible to study
the effects of multiple scattering by the flakes. The fact that the reflectance distribution obtained
from a Gaussian with w = 6° fits the data better than the one with w = 3° indicates that factors
other than the flake orientation, such as the roughness of the flake surface, contribute signifi-
cantly to the light scattering and that the flakes used here cannot be considered flat perfectly con-
ducting scatterrers.

The second approach involves the computation of the reflectance distribution using the
topographic map directly. Some of the noise introduced by the measurement method of the con-
focal microscope had to be reduced by using the map of intensities provided by the instrument.
This model is based on the reflection of the light ray by the local tangent plane to the surface of
the flake, and thus takes into account the flake surface roughness. The computations described
here show that the inclusion of the surface roughness of the flakes significantly improves the
agreement between the computed and measured reflectance distributions. Computed reflectance
values could be improved further by a better resolution of the images provided by the confocal
microscope as well as better software to be used to control the instrument and to process the raw
data. Our computations ignored the scattering by the edges of the flakes, multiple scattering, and
the effects of the overlap of the flakes in the images.

Eventually, improved modeling methods, flake fabrication, and flake application tech-
niques should lead to tools that can be used in the design and evaluation of metallic coating.
These methods can also be extended to other types of media such as pigmented and pearlescent

paints.
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Figure Captions

Figure 1: (a) LSCM image of intensity profile in a 2D projection and an extraction of an individ-
ual flake, (b) definition of the size and orientation of an individual flake used in this paper.
Figure 2: Geometry for the incident and scattering angles.

Figure 3: Ray trajectory for an oblique flake.

Figure 4: Calculated relative reflectance as a function of scattering angle. Solid lines: calculated
normalized reflectance. Dashed lines: Gaussian flake orientation angular distribution functions
centered at 0° with a half-width w, plotted about the specular direction.

Figure 5: LSCM images for two metallic pigmented samples (a) 1-turn and (b) 1.5-turn in 2D
intensity projection (upper) and topographic (bottom) presentations.

Figure 6: Histograms for the 1.5-turn sample: (a) angular distribution of the flake orientation in
the x- and y-directions, 6, 6, (b) distribution of the flake orientation with respect to the nor-
mal, 6,.

Figure 7: Histograms of the modified flake orientation distribution functions, p(6,), for 1-turn
and 1.5-turn samples.

Figure 8: Comparison between measured (dots) and calculated reflectance using a Gaussian flake
orientation angular distribution of half-width angle w (solid lines: w = 3° and dashed lines: w =
6°) of 1-turn and 1.5-turn samples for angles of incidence of 30° and 60°.

Figure 9: Comparison between measured (dots) and calculated (solid lines) reflectance of 1-turn
and 1.5-turn samples for angles of incidence of 30° and 60°. The calculation uses the topog-

raphic and intensity maps measured with the confocal microscope.
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Figure 1: (a) LSCM image of intensity profile in a 2D projection and an extraction of an indi-

vidual flake, (b) definition of the size and orientation of an individual flake used in this paper.
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Figure 3: Ray trajectory for an oblique flake.
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Figure 4: Calculated relative reflectance as a function of scattering angle. Solid lines: calcu-

lated normalized reflectance. Dashed lines: Gaussian flake orientation angular distribution

functions centered at 0° with a half-width w, plotted about the specular direction.
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Figure 5: LSCM images for two metallic pigmented samples (a) 1-turn and (b) 1.5-turn in 2D

intensity projection (upper) and topographic (bottom) presentations.
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Figure 6: Histograms for the 1.5-turn sample: (a) angular distribution of the flake orienta-

tion in the x- and y-directions, 6., 6, (b) distribution of the flake orientation distribution

function with respect to the normal, 6, .
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Figure 7: Histograms of the modified flake orientation distribution functions, p(6,), for

I-turn and 1.5-turn samples.
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Figure 8:: Comparison between measured (dots) and calculated reflectance using a Gaussian
flake orientation angular distribution of half-width angle w (solid lines: w = 3° and dashed lines:

w = 6°) of 1-turn and 1.5-turn samples for angles of incidence of 30° and 60°.
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Figure 9: Comparison between measured (dots)and calculated (solid lines) reflectance of 1-turn
and 1.5-turn samples for angles of incidence of 30° and 60°. The calculation uses the topog-

raphic and intensity maps measured with the confocal microscope.
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